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niques. Results from lower hybrid current drive discharges are discussed.
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1. Introduction.Introduction.Introduction.Introduction.Introduction.

The aim of the Lower Hybrid Current Drive (LHCD) experiment on the Princeton

Beta Experiment-Modification (PBX-M) tokamak has been to modify the radial

plasma current profile in order to find advanced tokamak configurations. [1],[2]

The interaction between the lower hybrid waves and the plasma electrons leads

to the formation of suprathermal electrons, which are thought to be ultimately

responsible for the current drive. [3]  On PBX-M, the suprathermal electrons

are diagnosed by the Hard X-ray Camera (HXC), [4],[5] that acquires tangential

images of the bremsstrahlung emission  generated in collisions of the hot elec-

trons with plasma ions.  This emission typically ranges in energy from ten to

several hundred keV. This paper describes the techniques that we use to mea-

sure the energy of the suprathermal electrons, and summarizes our present

knowledge of the energy distribution of the suprathermal electrons during

lower hybrid current drive.

2 .2 .2 .2 .2 . Hard X-ray Camera and Half-Screen Foil Technique.Hard X-ray Camera and Half-Screen Foil Technique.Hard X-ray Camera and Half-Screen Foil Technique.Hard X-ray Camera and Half-Screen Foil Technique.Hard X-ray Camera and Half-Screen Foil Technique.

LHCD experiments were pursued on PBX-M over two run periods in 1992 and

in 1993.  After the 1992 run, a number of technical improvements were made

on the HXC. Since the HXC has already been discussed extensively in Ref. 4  and

5, we will provide only a very short description of it here, with an emphasis on

the upgrades.  A schematic layout of the HXC (as of the 1992 run) is shown in

Fig. 1. The pinhole camera views the plasma tangentially.  The field of view is

chosen so that it includes (a) the outermost plasma radius, determined by an
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outside limiter, and (b) a region beyond the pusher coil.  Region (a) is essential

for performing Abel inversions,  while region (b) is important because the

sight lines viewing it have a large inclination with respect to the magnetic field,

and thus permit a more accurate determination of the anisotropy of the emit-

ted bremsstrahlung radiation.  Hard X-rays from the plasma enter the camera

through a lead pinhole aperture and strike the 9" diameter scintillator screen

of an X-ray image intensifier (Hamamatsu Model VP2465P).  The X-rays gener-

ate light pulses in the scintillator screen that lead to electron emission from a

thin photocathode that is evaporated on the scintillator.  The photo electrons

are accelerated to 30 keV and imaged on a 21.4 mm phosphor screen.

The most important improvement for the 1993 operating period was made in

the foil drive.  In the 1992 run, we inserted a foil close to the aperture between

shots, and compared the X-ray intensity from consecutive shots.  Most of the

foil data obtained this way turned out to be unusable, because discharges were

not reproducible enough, and small differences in plasma density can cause

large changes in the hard X-ray emission (i. e. in the density of suprathermal

electrons). The variations in X-ray intensity due to irreproducibility were com-

parable to the changes generated by inserting the foils.  It was also observed

that the up-down symmetry of the images was well-conserved,  i. e., the top

half of the image mirrored the bottom half and the mirroring axis did not

change in discharges of the same type. Therefore, we built a new foil drive (Fig.

2), where a molybdenum and a copper foil cover only the top or bottom half of

the image.  The foils are moved from the open to the closed position by two

small double-acting air cylinders.

Fig. 3 illustrates how the foil data where evaluated.  The raw data for shot

309274 are represented by the heavy solid line.  This curve represents a verti-
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cal profile from one of the 64 HXC frames taken during the shot, i. e., the

average of 5 pixel columns that go directly through the center of a hollow

discharge. The large sudden dips in the curve at pixel 27, 62 are due to a lead

wire grid in front of the tube that allows us to check that the magnetic field of

the tokamak has not distorted the image. The following plasma shot #309275

was taken without foil and serves as reference.  A double Gaussian (the dashed

curve) is fitted to the profile of the reference shot, and the location of the

mirroring axis (pixel 46 for Fig. 3) is determined. It depends on the vertical

plasma position.  The top half of shot 309274 is then mirrored on the bottom

half and smoothed slightly to remove the dips caused by the lead grid.

Clearly a region around the mid plane has to be excluded because the projec-

tion of the edge of the foil - determined by  mechanical construction - does not

normally coincide with the mirroring axis that varies as the plasma evolves.  In

addition, simulation of the HXC images (Fig. 11 in Ref. [7]) has shown that

there can be up-down asymmetries in the image that stem from helical effects.

The asymmetries occur when the hot electrons are very energetic and aniso-

tropic. It seems, however, that these effects do not play a large role for typical

LHCD conditions on PBX-M, where the hot electron temperature is usually less

than or equal to 100 keV.  Furthermore, any up-down asymmetries would  have

been noticed,  since numerous reference shots were taken regularly.
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3. Photon Temperature and Hot Electron Temperature.3. Photon Temperature and Hot Electron Temperature.3. Photon Temperature and Hot Electron Temperature.3. Photon Temperature and Hot Electron Temperature.3. Photon Temperature and Hot Electron Temperature.

From the foil measurements, we determine the photon temperature. [6,7]  The

two mirrored curves of Fig. 3 yield the X-ray intensities ICu and Inf  with and

without copper foil.  A vertical profile of the photon temperature, Fig. 4,  is

obtained using the formula

Tphoton =
Ecut − off Cu − Ecut − off nf

ln(Inf ) − ln(ICu ) ,

where Ecut-off nf and Ecut-off Cu are the low energy cut-off values (i. e., the en-

ergy were Σ µd = 1 for all the absorbing material in the X-ray path).  For the

HXC on PBX-M, the nf and Cu cut-off energies were 45 and 65 keV, respectively.

The relatively high value for the no-foil cut-off is due to the 3 mm-thick alumi-

num vacuum flange on the PBX-M port and two connectic magnetic shielding

foils in front of the X-ray image intensifier tube.

The vertical Tphoton profile in Fig. 4 displays a peak of 34 keV in the plasma

center, has a minimum of 24 keV about half way out, and increases then steeply

to 62 keV near the plasma edge.  The increased photon temperature near the

plasma edge has been often observed earlier [7, 8, 9]. For some discharges,

however, the temperature increase near the edge does not occur.  No system-

atic study has been made under what conditions the increase occurs.  We would

like to point out that the photon temperature measurement becomes very in-

accurate when the photon temperature is high, because under these circum-

stances the difference between the Cu  and the nf intensity profile becomes

small.  This is particularly true near the edge where the intensity is small and

statistical noise and background are large.
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The next step is to obtain the energy of the suprathermal electrons from the

photon temperature.  It should be stressed that the photon temperature, as we

have defined it, does not represent the reciprocal slope of the emitted photon

spectrum, but is only related to it, because the efficiency of the X-ray image

converter tube was not properly taken into consideration.  This problem is

solved by using the PBXRAY [6] code to simulate images for the nf and the Cu

case.  Photon temperatures from the simulated images are then calculated with

the same algorithm used to obtain the experimental photon temperature data.

Results for the three temperature model, [8] where the momentum distribu-

tion function has a Gaussian shape determined by three parameters, the paral-

lel forward temperature Tˆf, the parallel backward temperature Tˆb, and the

perpendicular temperature T˜, are shown in Fig. 5.  The four curves represent

horizontal profiles of the photon temperature for four sets of hot electron

temperatures. For each set the ratio between parallel and perpendicular tem-

peratures was kept constant, i. e. Tˆf = 4 T˜ and T˜ = Tˆb.  The figure suggests

that the hot electron temperature in the hollow ring of shot 309274  is about

80 keV, and that it probably exceeds 500 keV near the plasma edge, within the

uncertainties discussed earlier.

4. Abel Inversion with Anisotropic Emission.4. Abel Inversion with Anisotropic Emission.4. Abel Inversion with Anisotropic Emission.4. Abel Inversion with Anisotropic Emission.4. Abel Inversion with Anisotropic Emission.

For the interpretation of the HXC images, we have developed a simulation code

[6] and two inversion codes  [10] and [11].  The new and interesting feature of

the two inversion codes is that they take into consideration the anisotropy of

the hard X-ray emission. While the 2D method [10] is probably the more accu-

rate of the two,  it has two drawbacks.  First, it requires knowledge of the

equilibrium configuration for each point in time, and thus depends on a fast
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equilibrium solver that was not available during the analysis. The second dis-

advantage is that an a priori assumption has to be made about the density

distribution of suprathermal electrons  on a magnetic surface, usually a 1/R

dependence. [12]

The 1D method [11] performs the inversion in the horizontal mid plane only,

where the magnetic surfaces can be represented by concentric circles, and no

calculation of the equilibrium is required.  The only assumption made about

the hot electron density is that it does not vary with toroidal angle.  The

bremsstrahlung emissivity is  assumed to be the product of a function ε(R) of

the major radius R and - because of the anisotropy - a function F(θ) of the angle

θ between the magnetic field line and the line of sight.  For the very low-energy

hot electrons encountered during LHCD, the direction of the field line can be

approximated by a tangent to the concentric circle.  We calculate F(θ) from the

Stevens code [8] using the three temperature model.  Typical examples are

given in Fig. 6 for the no-foil case.  The left half of Fig. 6 shows a series of F(θ)

curves where the energy of the hot electrons (Tˆf ) was varied from 40 to 400

keV while the anisotropy was kept constant (Tˆf = 4 T˜ = 4 Tˆb).  The right half

of Fig. 6 shows a series where the anisotropy was varied by changing T˜ = Tˆb

from 10 to 100 keV while the energy was kept constant (Tˆf = 100 keV).  For

the hollow discharges with - 90° LH phasing, the forward parallel temperature

is known to be 100 keV from foil measurements.  In Fig. 7, we show inversions

where the perpendicular temperature is varied from 10 to 100 keV.  The Abel-

inverted intensity can not become negative in the region before the pusher

coil.  Therefore the Abel inversion indicates  that T˜  equals 10 ... 25 keV.  This

result  agrees with a previous analysis using the simulation code. [6]
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5. Lower Hybrid Power Deposition.5. Lower Hybrid Power Deposition.5. Lower Hybrid Power Deposition.5. Lower Hybrid Power Deposition.5. Lower Hybrid Power Deposition.

As an application of the foil techniques, we want to discuss now HXC data (Fig.

8) that were obtained during three LH phase scans undertaken to study LH

wave physics.   In each of the three subfigures,  four quantities are plotted:  (1)

radial location (minor radius in the horizontal mid plane) of the maximum of

the Abel-inverted hard X-ray profile (for hollow discharges),  (2) radial loca-

tion of the half maximum on the outside gradient,  (3) the measured hot elec-

tron temperature from foil measurements, and (4) the maximum hard X-ray

intensity in relative units. The data in Fig. 8a were taken at a comparatively

high density (ne = 1.9x1013 cm-3) and high magnetic field (B =  1.77 T) and

have hollow hard X-ray profiles. Fig. 8b, taken at even higher density (ne =

2.6x1013 cm-3) but much lower magnetic field (B =  1.33 T), shows  even greater

hollowness.  Fig. 8c, taken at comparatively low density (ne = 1.1x1013 cm-3)

and medium high field (B = 1.47 T), displays centrally-peaked profiles.

The data exhibit a number of trends, for instance: (a) HXC profiles are hollow

at high density and peaked at low density, (b) radius of the maximum in-

creases when the magnetic field is lowered and when the absolute value of the

LH phase angle decreases, (c) photon temperature, i. e., the suprathermal elec-

tron energy, decreases with increasing LH-phase. These trends agree, not only

qualitatively but also approximately quantitatively, with the predictions for

classical accessibility of lower hybrid waves. For instance, the radius of maxi-

mum  X-ray emission corresponds approximately to the radius to which the

waves can penetrate in first path absorption. Or, the measured hot electron

energy corresponds roughly to what one would expect from the phase velocity

of the LH waves at the launching antenna.  This, however, is a very puzzling

result, because the most recent theories for  LH wave propagation [13],[14],[15],
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in which LH waves make several bounces and passes through the plasma, are in

contradiction with the experimental results.  In the regime, a considerable nˆ

upshift occurs, and the upshifted waves can penetrate into the interior of the

plasma, albeit at lower energy.  A clue to the puzzle might be that the HXC on

PBX-M has a very high low-energy cut off (45 keV), so it is possible that the

lower-energy hot electrons resulting from the upshifted wave are not recorded

by the camera.  Indeed, recent results from the Tokamak de Varennes [16]

showed that - under very similar plasma conditions - the 20-40 keV X-rays had

a peaked profile, whereas the 80 - 100 keV profile was hollow.  These measure-

ment were performed, however, with an X-ray diagnostic having only a per-

pendicular view.

6. Hot Electron Collisionality.6. Hot Electron Collisionality.6. Hot Electron Collisionality.6. Hot Electron Collisionality.6. Hot Electron Collisionality.

Fig. 9 shows HXC data from a discharge with modulated LH power.  Similar data

were used extensively by Steve Jones to study the hot electron transport [10].

Plotted is the hard X-ray intensity as a function of time for several groups of

pixels, with the location indicated in the upper right hand corner.  The upper

plot is for pixels that were not covered by a foil (total low energy cut-off of 45

keV), and the lower plot presents data from a scintillator screen area covered

by a .95 mm molybdenum foil (total low energy cut-off of 115 keV).  The thick

solid lines is from the central area, the thin solid line is from an area half way

out close to the maximum emission, and the dotted lines are from the outer

plasma regions.

The no-foil data show that the  discharge is hollow during the LH heating, and

then makes a transition to a peaked state after the LH power is switched off.  At
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that time the X-ray intensity drops precipitously, probably because of colli-

sional slowing down and radial diffusion of hot electrons.  However, the Mo foil

data indicate that there exists a group of high energy electrons (>100 keV) that

do not slow down (and that also do not seem to diffuse outward).  These very

energetic electrons are formed during the LH heating in the center of the plasma

- perhaps in a LH-assisted runaway process - and they seem to accumulate after

each LH power pulse. They eventually dominate the discharge.  What Fig. 9

then shows is that there are two groups of electrons  in the plasma with differ-

ent collisionality, and their very different behavior makes the interpretation of

no-foil data difficult, if they are considered alone.

7. Asymmetric Inverted Profiles.7. Asymmetric Inverted Profiles.7. Asymmetric Inverted Profiles.7. Asymmetric Inverted Profiles.7. Asymmetric Inverted Profiles.

Fig. 10 shows three consecutive Abel-inverted profiles, which exhibit a strange

anomaly that has been seen on occasion in PBX-M.  Frame #5, similar in shape

to the Abel inverted profiles of Fig. 7, is considered a normal hollow profile:

the left maximum is slightly larger than the right maximum.  This profile shape

is understandable, because we expect the density of suprathermal electrons

nse to vary as 1/R for collisionless passing particles with no perpendicular

energy, since their parallel velocity does not change as they move around the

torus and since the particle flux in a magnetic flux tube should be approxi-

mately conserved.  Passing particles with appreciable perpendicular velocity

move faster on the outside of the torus, and their density should consequently

fall off even faster than 1/R.

The profiles for frame #6 and #7 are puzzling, however, because in this case

the outside maximum is appreciably larger than the inside maximum.  We do
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not know the reason for the anomaly.  It could be that the right-left asymmetry

seen in frame #6 and #7 is caused by trapped electrons, an exciting prospect,

since it would represent the first X-ray imaging of trapped electrons.  However,

the hard X-ray emission depends not only on the density and velocity distribu-

tion of suprathermal electrons, but also on the density of impurity ions, and it

could also be an impurity effect.  There is no indication from other diagnostics

that some plasma event consistent with our observation occurred at that time

.  These asymmetries were discovered during the late stages of the 1993 PBX-M

run, and really need more experimentation.  We feel that the anomaly shown

in Fig. 9 is not an artifact of the HXC measurement, but may shed some light on

the most difficult problem that we encounter in the analysis of suprathermal

electrons, namely determination of the spatial distribution of hot electrons on

a magnetic surface.

8. Conclusions.8. Conclusions.8. Conclusions.8. Conclusions.8. Conclusions.

The bremsstrahlung emitted by suprathermal electrons during lower hybrid

current drive is recorded by the PBX-M Hard X-ray Camera for the diagnosis of

the hot electron velocity distribution.  A half screen foil technique is used  to

determine the energy (Tˆf) of the hot electrons  from the slope (Tphoton) of the

X-ray spectrum.  The measurement is performed during a single shot, alleviat-

ing reproducibility problems.  The ratio of parallel to perpendicular electron

energy (T˜ / Tˆf) is determined from comparison of the X-ray emission parallel

to the magnetic field to the emission at a large angle to the field.  The actual

procedure consists of a generalized Abel inversion of the anisotropic

bremsstrahlung emission.
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Several applications of the foil measurements and the Abel inversion tech-

niques are discussed.  The LHCD produces hollow discharges, where the

bremsstrahlung emission is not peaked in the center but displays a hollow

profile in minor radius, a result that indicates off-axis current drive.  The data

of Sect. 5 show the variation of the radial location rmax of the hot electron ring

and the energy of the hot electrons with the phasing of the lower hybrid grill

antenna.  These data are important for understanding the LH wave physics.  In

a different application, the LH power is modulated and the decay of the

bremsstrahlung emission after the turn-off of the LH is analyzed.  Much shorter

decay times are observed for the softer unfiltered bremsstrahlung than for the

harder Mo-filtered X-rays.  We think that the different decay times reflect the

change in collisionality of electrons below and above 100 keV in  PBX-M LH

discharges.

From the Abel inversion of hollow profiles, a comparison of the inside and

outside maximum provides the unique possibility to record the X-ray emission

from two points on the same magnetic surface without having to locate the

surface very precisely.  Most of the inverted profiles have a 1/R dependence,

approximately, as one would expect for passing particles, but there are a few

highly asymmetric profiles, where the outer maximum is much larger than the

inner one, indicating the possible presence of trapped hot electrons.

This wealth of information has been obtained during two short run periods on

PBX-M, and some of the data analysis is preliminary.  The measurements illus-

trate, however, that the Hard X-ray Camera is a unique and versatile tool to

explore the intricate physics of suprathermal electrons.
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Figure Captions.Figure Captions.Figure Captions.Figure Captions.Figure Captions.

Fig. 1: Mechanical layout of the Hard X-ray Camera (HXC) on PBX-M.

Fig. 2: New foil drive mounted on the hard X-ray imaging tube.

Fig. 3: Mirroring of profiles  for the determination of the photon temperature.

Fig. 4: Vertical photon temperature profile.

Fig. 5: Modeling of horizontal photon temperature profiles with the PBXRAY

code.

Fig. 6: Anisotropy function F(Θ) for the no-foil case for various values Tˆf, T˜,

Tˆb.

Fig. 7: Abel inversion of anisotropic plasmas to determine T˜.

Fig. 8: Lower hybrid phase scans for (a) high magnetic field and high density,

(b) low field and high density, and (c) low density.

Fig. 9: HXC data with and without molybdenum foil for modulated LH power.

Fig. 10: Abel inverted hard X-ray profiles with large outward asymmetry.
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Figure 2
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Figure 3
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Figure 5
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Figure 7
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Figure 8
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Figure 9
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Figure 10

MAJOR RADIUS  [ M ]
1.4 1.5 1.6 1.7 1.8 1.9

frame 5

frame 6

frame 7

shot #304509

X
-R

A
Y

 IN
T

E
N

S
IT

Y
 [a

.u
.]

0.0

0.2

0.4

0.6

0.8


